Spores of Clostridium bifermentans germinated in the presence of L-alanine and sodium ions. The rate of germination was not altered by the addition of D-alanine but was increased by L-a-amino-n-butyrate, L-lactate, L- 
I N T R O D U C T I O N
While the germination requirements of spores of several Bacillus species have been examined in considerable detail, fewer studies have been made with spores of the anaerobic genus Clostridium (Gould, 1969) . Whereas a single amino acid is usually sufficient to induce germination of Bacillus spores (e.g. Bacillus anthracis ; Hills, I 949) the germination requirements of at least some clostridia are more complex. Hitzman, Halvorson & Ukita (1957) , Gibbs (1964 Gibbs ( , 1967 , Shoesmith & Holland (1968) and Bergkre (1969) have shown that clostridial spores germinate in the presence of mixtures of organic acids. Uehara & Frank (I 965) found that Clostridium sporogenes would germinate in the presence of L-alanine and sodium pyrophosphate alone, but the rate of germination was increased if L-phenylalanine and L-arginine were added to the germination mixture (Fujioka & Frank, 1966) . Since the requirements for clostridial germination differ from those for bacilli, a detailed study seemed worthwhile. Clostridium bifermentans was chosen for investigation because its spores germinate rapidly.
M E T H O D S
Organism and maintenance of culture. The Clostridium used was the Clostridium bifermentans of Somerville, Delafield & Rittenberg (1970) which has been referred to previously as C. roseurn (Hitzman et a!. 1957; Wooley & Collier, 1968) . The strain was identified as C. bifermentans by Dr G. C . Mead of this laboratory in agreement with the earlier identification of C. roseurn as a strain of C. bifermentans by McClung & McConnell (1968) . The organism was maintained on the reinforced clostridial medium of Hirsch & Grinsted (I 954) .
Spore preparation and storage. For germination studies spores were obtained by growing the organism on reinforced clostridial medium solidified with 15y0 agar in Petri dishes.
The plates were inoculated with I ml. of an 18 h. culture and incubated for 3 days at 3 0 ' under 90 yo H, + 10 % C02. The mixture of free spores (about 90 yo) and cells were scraped from 30 plates and washed 10 times by centrifuging at 4" in approximately 200 ml. glass distilled water. This produced suspensions which contained 95% free spores and 5 % cells. Examination by electron microscopy showed the spores to be free of sporangial debris.
The final suspensions, containing 2 to 5 mg. dry wt/ml., were stored at 4' and showed little change in germination rate after 3 months. Germinants and bufler. Amino acids were obtained from Koch-Light Ltd (Colnbrook, Buckinghamshire) or from Sigma Biochemicals (London) Ltd and a crystalline preparation of L-lactic acid was also from Sigma Biochemicals Ltd. Other compounds were from British Drug Houses Ltd (Poole, Dorset). Solutions were adjusted to approximately pH 7-5 with KOH. Sodium phosphate buffers were prepared from NaH2P04 and Na,HP04 and potassium phosphate buffers from KOH and KH2P04. Germination of spores of Clostvidiurn bifermentans. Spores (592 of ,ug./dry wt) were incubated at 37", as described in Methods, in the presence of L-alanine (50 mM), L-phenylalanin (5 mM), NaCl(10o mM) and sodium phosphate buffer (83 mM, pH 7.5). Decrease at E600(A) was measured spectrophotometrically and the percentage of phase-bright and non-stainable spores determined microscopically on samples mixed with formaldehyde as described in Methods. Spore germination. In experiments where germination took more than 3 h. the percentage of spores which had lost their refractility were counted using a phase-contrast microscope. The spore suspensions, at a final concentration equivalent to about 30 pg. dry wt/ml., were
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incubated with the germinants in screw-capped bottles at 37". Germination was only considered significant when more than 1 0 % of the spores became phase dark. Where incubation was longer than 2 days the germinants were sometimes sterilized by filtration. Results were discarded when contamination was detected microscopically.
In experiments of shorter duration it was more convenient (and in some cases only possible) to follow germination by measuring the decrease in extinction at 600 nm. (E6,,&. Germination experiments were started by adding 0.5 ml. of a spore suspension (containing about IOO pg. dry wt) to the other components of the incubation mixture in a total volume of 2.5 ml. in a cuvette of I cm. light path at 37". Decrease in E600 was followed in a Unicam SP 500 spectrophotometer fitted with a recorder. The fall in Eso0 associated with loss of refractility in I 00 yo of the spores as determined microscopically was about 40 % of the initial value. The time courses of loss of &OO, phase brightness and ability to take up methylene blue were qualitatively similar even though they were not quantitatively identical (Fig. I) . The progress curves for E600 varied somewhat with different germinants. With the same germinants a larger maximum rate was always associated with a shorter lag period. To compare different germinan ts the germination rate was expressed in arbitrary units which were calculated from the maximum rate of decrease at E,,,/rnin. relative to the initial Esoo value. With a given spore suspension this rate was found to be constant for the range of spore concentrations used. With L-alanine as a germinant and the germination rate greater than 2 , the lag before germination began was less than 2 min. Spore dry weight. Dry weights were measured spectrophotometrically using a calibration curve relating E600 to spore dry weight.
RESULTS
Germination in the presence of single organic acids. When tested singly by the microscopic method, organic acids were incubated in the presence of 200 mM-NaCl and 83m~-sodium phosphate buffer, pH 8.0. Of the acids examined only L-alanine and L-a-amino-n-butyrate ( IOO yo after I h. and 24 yo after 67 h. respectively) produced significant germination at 50 mM.
The acids which were inactive at 50 mM were
acetate, L-lactate and pyruvate. Propionate (27 mM), n-butyrate ( 2 2 mM), n-valerate (19 mM) and thioglycollate (21 mM) were also inactive.
Effect of organic acids on germination induced by L-alanine. Organic acids were added to spore suspensions in the presence of L-alanine, NaCl and sodium phosphate and germination followed spectrophotometrically (Table I) 
L-phenylalanine and Lproline were found to increase, and D-phenylalanine, L-isoleucine, glycine and L-threonine to decrease, the germination rate. Other acids including D-alanine had little effect on the germination rate.
Germination induced by mixtures of organic acids in the absence of L-alanine. As L-arginine, L-phenylalanine and L-lactate had been found to stimulate germination induced by Lalanine and as these acids have been shown by other workers to induce clostridial spore germination (Gibbs, 1964 (Gibbs, , 1967 Shoesmith & Holland, 1968 ) their ability to induce germination was examined ( Table 2) . Using the microscopic method, L-alanine and L-a-amino-nbutyrate in all combinations examined induced germination. In the presence of L-arginine plus L-phenylalanine, L-lactate or L-serine induced rapid germination. Glycine, pyruvate and, to a smaller extent, L-threonine, D-alanine, L-valine, L-proline or L-aspartate also induced germination. Pairs of acids which induced germination at slow rates were L-phenylalanine plus L-serine, L-arginine plus L-lactate and L-lactate plus L-serine while L-phenylalanine plus glycine induced even more slowly. Effect of inorganic ions on germination. In all the above experiments NaCl(10o mM) and sodium phosphate (83 mM) were present. Omission of both prevented germination in the presence of L-alanine, and omission of either sodium phosphate or sodium chloride reduced the rate of germination from T O to 3-2 or 0.7 respectively. If, in the absence of the other sodium salt, sodium phosphate was present at 183 mM the rate was further reduced to 0.4 but if NaCl was used at 183 mM the rate was increased to 9.0.
The apparent requirement for sodium ions was examined by replacing sodium chloride and phosphate with the potassium salts in several different germination mixtures (Table 3) . With any given germinants, germination in the presence of potassium ions was usually greatly reduced and, if L-phenylalanine was absent, germination was always greatly reduced. Sodium or potassium chloride had been used in most of the above experiments so a number of different sodium salts were examined for their ability to replace the chloride (Table 4 ). In the presence of L-alanine sodium chloride allowed the highest germination rate but some sodium salts did not allow measurable germination. In the presence of Lalanine plus L-arginine plus L-phenylalanine all the sodium salts examined allowed some germination and the two organic salts used, acetate and thioglycollate, produced almost as rapid a germination rate as did sodium chloride. With L-arginine plus L-phenylalanine plus L-lactate plus glycine all the sodium salts allowed some germination but NaHCO, and Na,CO, produced a greater germination rate than did NaCl while the organic salts allowed much slower rates. 
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DISCUSSION
The strain of Clostridium bifermentans used in the present work germinated in the presence of L-alanine and sodium ions. Another C. bifermentans strain (Gibbs, 1964; Barker & Wolf, I 970) germinates only in a mixture of L-alanine, L-phenylalanine, L-lactate and sodium ions and at least one other species of Clostridium requires mixtures of organic acids (Gibbs, 1967) . Uehara & Frank (1965) studied a strain of C. sporogenes which, like the writers' organism, germinates in L-alanine and sodium ions. However, both these organisms germinated more rapidly if the incubation mixture was supplemented with L-phenylalanine and L-arginine. With the spores used in this work, combinations of organic acids other than L-alanine could induce germination, and as the number of acids in the combination was increased a wider range of acids was found to induce. This alleviation of the specific requirements for germination was also apparent with regard to the requirement for inorganic ions. Alleviation of specific requirements for amino acids has been observed with Bacillus cereus in the presence of inosine or at high atmospheric pressures (Gould & Sale, 1970 ) and with B. megaterium after heating (Levinson & Hyatt, I 962) . However, as germination of Bacillus spores can usually be initiated by any one of several amino acids, the germinative properties of mixtures of amino acids have been little studied, although in the presence of L-alanine there was no stimulation of the germination rate of B. subtilis var. niger by L- 
All of the organic acids which induce germination here have been described previously as germinants. With spores of several species of Bacillus D-alanine has been found to inhibit competitively germination induced by L-alanine but to induce germination after conversion to L-alanine by the action of a racemase. In the present study D-alanine was not inhibitory; neither could it induce germination alone but it did induce germination in the presence of other amino acids. The last effect cannot be due to racemase activity since this would be expected to cause germination in the presence of D-alanine alone.
Although a number of the germinants are structurally similar (L-and D-alanine, L-lactate, pyruvate, glycine, L-serine and L-a-amino-n-butyrate) others such as L-alanine, L-phenylalanine and L-arginine are so different that it is perhaps unlikely that they induce germination by the same mechanism. Some combinations of germinants (for example, L-phenylalanine and glycine) suggested that a Stickland reaction might bring about germination but such a reaction could not account for germination in all cases or for the synergism. This strain of Clostridium bifermentans can utilize L-methionine probably by means of a Stickland reaction (G. C . Mead, personal communication) and L-methionine is also a germinant for C. tetani (Shoesmith & Holland, I 968). However, L-methionine failed to induce germination of this strain of C. bifermentans in the presence of other organic acids except L-alanine or L-CIamino-n-butyrate which were germinants in the absence of L-methionine.
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